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(54) Band-pass filter 

(57) An electromechanical band-pass filter for use 
in PIRM memory arrays utilizes electrostatically coupled 
micro-resonators as filters, implementing micro electro- 
mechanical system (MEMS) technology in which large 
number of miniature micro-movers are fabricated on a 
single substrate. The system provides a narrow band- 
pass filter having a sharp frequency roll-off, typically 40 
db per decade, and very high impedance that can be 
implemented in a simple, low temperature, inexpensive 
process not involving integrated circuitry. An electroni- 
cally-coupled, mechanical band-pass filter fabricated on 
a substrate (36) includes first and second masses (32, 
38), each mass being independently movable in a com- 



mon direction relative to the substrate (36) and to other 
mass. A first spring element (33) has one end attached 
to the substrate (36) and the other end attached to the 
first mass (32). A second spring element (39) has one 
end attached to the first mass (32) and the other end 
attached to the second mass (38). An input transducer 
(40, 42) is provided for receiving an input frequency and 
applying a force to the first mass (32) in the direction of 
motion of the first mass (32), the force being represent- 
ative of the input frequency. An output transducer (48, 
49) is associated with the first and second masses (32, 
38) for providing and output frequency representative of 
the relative motion between the first and second masses 
(32, 38). 
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ducers are used to convert electrical energy to mechanical energy or the reverse, so as to filter out the desired fre- 
quencies Another application using electrostatic electromechanical resonators is shown in U.S. Patent No. 3,686,593 
(Zakaria) in which a vibrating reed is driven by electrostatic forces between itself and an output electrode and the 
output is represented by capacitance changes between the reed and an output electrode. Both the Hetzel and Zarkana 
5 systems were designed in the 1 970's and are clearly outdated by present technologies, such as FIRM. Moreover, the 
Zakarian circuitry utilizes a variation of the air gap between capacitors to generate the output signal. This approach 
results in a nonlinear relationship between the force and the displacement, making stable operation difficult. 
[0012] The present invention seeks to provide improved filtering. 

[0013] According to an aspect of the present invention, there is provided an electrically coupled mechanical band- 
to pass filter as specified in claim 1 . , . i. « # 
[0014] According to another aspect of the present invention, there is provided a method of filtering the frequency of 

an oscillator as specified in claim 7. 

[0015] The preferred embodiment provides an electromechanical band-pass filter for use in PIRM memory arrays 
which utilizes electrically coupled micro- resonators as filters, implementing micro electromechanical systems (MEMS) 
is technology in which large numbers of miniature micro-movers are fabricated on a single substrate. The system of the 
present invention provides a narrow band-pass filter having a sharp frequency roll-off, typically 40 db per decade : and 
very high impedance that can be implemented in a simple, low temperature, inexpensive process not involving inte- 
grated circuitry. 

[0016] The system can meet the basic needs of PIRM technology by having very low power consumption, high 
20 attenuation outside of the pass-band and utilizing simple fabrication techniques compatible with plastic substrates. 
[0017] In one embodiment, electrically-coupled, mechanical band-pass filter fabricated on a substrate includes first 
and second masses, each mass being independently movable preferably in at least one direction relative to the sub- 
strate and to the other mass. A first spring element has one end attached to the substrate and the other end attached 
to the first mass. 

25 [0018] A second spring element has one end attached to the first mass and the other end attached to the second 
mass An input transducer is provided for receiving an input frequency and applying an input force to the first mass, 
the input force having a force component in the direction of motion of the first mass, the input force being influenced 
by the input frequency. An output transducer is associated with the first and second masses for providing an output 
frequency influenced by the relative motion between the first and second masses. 

30 [0019] Another embodiment of the present invention involves a method of band-pass filtering the frequencies of an 
oscillator on a substrate common with first and second masses, each mass being independently movable along in at 
least one direction, and first and second spring elements. One end of the first spring element is connected to the first 
mass and the other end of the first spring element is connected to the substrate. One end of the second spnng element 
is connected to the first mass and the other end of the second spring element is connected to the second mass. An 

35 input force is applied to the first mass, the input force having a component in the direction of motion of the first mass. 
The input force is influenced by an input frequency provided by an input transducer. An output frequency is generated 
that is influenced by the relative motion between the first and second masses by means of an output transducer as- 
sociated with the first and second masses. 

[0020] Embodiments of the present invention are described below : by way of example only, with reference to the 
40 accompanying drawings, in which: 

Figure 1 is an abstract sketch illustrating the relationship of elements of an electromechanical band-pass filter in 
accordance with a preferred embodiment of the present invention; 

Figure 2 is a simplified circuit diagram depicting a preferred embodiment of the present invention abstractly shown 

45 in Figure 1; , . „ . 

Figure 3 is simplified schematic view of another preferred embodiment of the present invention abstractly shown 

in Figure 1; . 
Figure 4 is a graphic representation of the band-pass filter response in accordance with a preferred embodiment 

of the present invention; . 
so Figure 5 is a graphic representation of the band-pass filter response in accordance with a preferred embodiment 

of the present invention; and 

Figure 6 is a graphic representation of the band-pass filter response in accordance with a preferred embodiment 
of the present invention. 

55 [0021] Referring to Figure 1 , there is shown the relationship of elements of an electromechanical band-pass filter 1 0 
for a preferred embodiment of the present invention. 

[0022] The band-pass filtering is carried out by a second order mechanical system, comprising a first mass 14 con- 
nected to a substrate 12 by a first spring element 16 as shown. A second mass 18 is connected to the first mass 14 
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(I) M 



(2) ^ J --M-c J (x 2 -^)+^ + ^. 

derived from simple electrostatic theory, as follows: 



[0032] Then force F, acting on mass 32 (M.) can be 

F , ^ '(%Cvf) 
55 1 «* * 
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(3) F, = -J (£- e0 /d ) w 

Where e is the permeability of the material in the gap, e 0 is the permeability of free space, w is the width into the paper 
and d is the gap between the plates 42 or 48. 

The calculation of F 2 and V G are coupled through the capacitance of plates 48 
For the conservative system: 



dU = Vdq - fd£ (4) % = X 2 ' x *i < the relative displacement of the masses) 
Assuming small changes in V and expressing the equation as a function of time: 
15 V 2 /2 dc/d^ d^/dt = V dq/qt - f d^/dt 

V 2 /2 dc/d£ 2 d£ 2 /dt = V dq/qt - f d^ 2 /dt 
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dc/d^ 2 = (£-c 0 ) w 2 /d 2 



dq/dt = -i 



F 2 = V 2 /2 (e-e 0 ) w 2 /d 2 



30 V,= V Ve 0 ) w 2 /d 2 d^/dt 

i = V(e-e 0 ) w 2 /d 2 d^/dt 



Since V = V 0 - V B and V 0 = iR, then 

(5) V Q = -V B (R(e-£ 0 ) w 2 /d 2 d^/dt) /(1 -R(£-c 0 ) w 2 /d 2 d % /dt > 

(6) F 2 = V B 2 (£-£ 0 ) w 2 / 2d 2 (1 -R(e-e 0 ) w 2 /d 2 d^/dt) 

The electromechanical system of equations (1), (2), (3), and (6) can be integrated to give the motion of the system as 
a function of time with respect to an applied input voltage Vj and a steady battery voltage V B . 
The output voltage V 0 can then be calculated from equation 5 substituting % = (equation 4) 
[0033] As shown in equation (3) the force F 1 applied to mass 32 corresponds to the square of the voltage V, applied 
to the input capacitor 44. Thus, the mass 38 is driven at twice the frequency of the oscillating input frequency. The 
voltage output V as shown above, is proportional to the relative velocity between the masses 32 and 38, so the output 
V 0 also responds at twice the input frequency. This provides a multiplying factor to the pass-band filter that affects the 
pass-band profile, as will be discussed below. 

r0034] The pass-band of the filter is determined by the mechanical resonances of the system. For a system in which 
the masses 32 and 38 are equal the stiffness of spring elements 33 and 39 are the same, and the effects of damping 
are small, the pass-band is determined by the equation: 
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with symmetrical 60 db per decade roll-off on both input 84 and exit 86 sides of the pass-band, as shown in Figure 5. 
Although this pass-band profile would be ideal, the additional RC filter adds intolerable power dissipation to the system. 
[0045] In the described embodiment, the filters are used to extract signals from a common line where they have been 
consolidated. Since the signals are known controllable inputs, their amplitude can be scaled to shape the output signal 
as desired If the input amplitudes are scaled with the square root of their frequencies, and assuming that there are 
no other noise sources on the line, the signals will be discriminated symmetrically, so that the filter has a symmetric 
40 db per decade roll up at the input 90 and roll off at the output 92 out of the pass-band. Any white noise will be filtered 
asymmetrically in this case. However the power consumption will be much smaller than in the case with the additional 

passive filter. t . r . 

[0046] The following is an explanation of why prescaling the inputs by the square root of the input frequency (Vo>) 
makes the effective bandpass frequency response symmetrical. The unmodified transfer function of the filter slopes 
into the passband at +60dB/dec and exits the passband at a slope of -20dB/dec. If this transfer function is multiplied by 

y. 

it will decrease the amplitude by 20 dB/dec across the entire frequency spectrum, thereby making the bandpass filter 
response slope into the passband at +40dB/dec and exit the passband with a slope of -40 dB/dec. This is the desired 
20 symmetric frequency response to make the pass-band profile symmetrical. Since the inputs signals are known and 
controllable their amplitudes can be prescaled by a factor proportional to 



in order to achieve this effect. As described in the preceding paragraphs, the amplitude of the output voltage depends 
on the square of the input voltage amplitude, that is: V e « V*, F(<„) where V„ is the output amplitude, V, is the input 
so amplitude and F(w) is the frequency dependent portion of the transfer function. Prescaling the inputs by 



has the desired effect of dividing the transfer function by a factor of co : 

"•■Gar* ^ 



[0047] Figure 6 illustrates a simulated frequency response for the system described above. Assuming that no passive 
components have been added to form an input pre-f liter, the input impedance will be dominated by the capacitance of 
45 the comb or surface drive structure used to actuate the mechanical system. These structures will probably have ca- 
pacitances of a picofarad or less. 

[0048] Another useful characterislic of the pass-band filter of the present invention is that it can provide complete 
electrical isolation between the input and the output circuits. The electrical circu its of the input and output are completely 
separate The actual implementation of the filter may involve coupling the input and output electrically if a common 
so conductive substrate is used to form a portion of both the input and the output capacitors, as shown in Figure 3. 
However this is a design choice and is not a limitation of the concepts taught herein. 

[0049] Other embodiments will be apparent to those skilled in the art from a consideration of this description and the 
appended claims, and from a practice of the disclosed embodiments. 

[0050] The disclosures in United States patent application no. 09/896,472, from which this application claims priority, 
55 and in the abstract accompanying this application are incorporated herein by reference. 
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